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(54) OPTICAL HEAD AND RECORDING/REPRODUCING DEVICE 



(57) An optical head comprising an objective lens 
having a large numerical aperture of 0.8 or more. The 
head further comprises a light source and an aberra- 
tion-correcting lens group. To correct spherical aberra- 
tion due to the manufacturing errors of an optical 
recording medium and lenses, to sufficiently correct 
chromatic aberration due to the use of a short-wave- 
length semiconductor laser and to correct aberration 
resulting from the use of the same optical system for 
light beams of different wavelengths, the objective lens 
20 is composed of two more lenses and has a numerical 
aperture of 0.80 or more and the aberration-correcting 
lens group 1 is composed of a positive lens group 3 and 
a negative lens group 2. The space between the posi- 
tive lens group 3 and negative lens group 2 of the aber- 
ration-correcting lens group 1 is changed, thereby to 
correct spherical aberration occurring at each optical 
surface of the optical system. 
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Description 

Technical Field 

5 [0001] The present invention relates to an optical head lor recording signals on, and reproduce signals from, an 
optical recording medium such as an optical disk. The invention also relates to a recording/reproducing apparatus hav- 
ing an optical head of this type. 

Background Art 

w 

[0002] Hitherto, various types of optical recording media have been proposed as recording media for data such as 
video data, audio data or computer programs. Among these media are a playback optical disk, a phase-change optical 
disk, a magneto-optical disk, an optical card and the like. In recent years, there is the increasing demanded that the 
recording density and storage capacity of these optical recording media be increased. 

is [0003] In order to increase the recording density of such optical recording media, some measure should be taken 
in an optical head designed to write and read data signals on and from such an optical recording medium. It is effective 
to increase the numerical aperture (NA) of the objective lens or shorten the wavelength of the light source, thereby to 
decrease the diameter of the beam spot formed as the objective lens converges a light beam. The numerical aperture 
of the objective lens is 0.45 and the wavelength of the light source is 780 nm for CDs (Compact Disks) (trademark), i.e., 

20 digital optical disk which were put to practical use in the relatively early stage of optical recording. For DVDs (trademark) 
i.e., digital optical disks on which data is recorded at higher density on CDs, the numerical aperture of the objective lens 
is 0.6 and the wavelength of the light source is 650 nm. 

[0004] As mentioned above, it is desired that the recording density and storage capacity of these optical recording 
media be increased. Therefore, it is desirable to increase the numerical aperture of the objective lens to a value greater 
25 than 0.6 and to shorten the wavelength of the light source to a value less than 650 nm. 

[0005] However, various problems will arise if the numerical aperture of the objective lens is increased and the 
wavelength of the light source is shorted in the optical head described above. These problems are spherical aberration 
and chromatic aberration, both being optical problems. 

[0006] Spherical aberration may occur, mainly due to a manufacturing error in the thickness of the lens or in the 
30 thickness of the transparent substrate of the optical recording medium. In the case where the objective lens is com- 
posed of a plurality of lenses, the spherical aberration may occur due to an assembling error in the gaps among the 
lenses. As for the error in the thickness of the transparent substrate of the optical recording medium, for example, the 
three-dimensional spherical aberration resulting from the error in the thickness of the transparent substrate of a disk of 
"CD" standards or a disk of H DVD" recording is proportional to the fourth power of the numerical aperture (NA) of the 
35 objective tens as seen from the equation [1] given below. Therefore, the influence of the thickness error becomes prom- 
inent as the numerical aperture of the objective lens increases. 

W 40 = (t/8) x(n 2 -1)/n 2 x NA 4 [1] 

40 [0007] In the case of disks of the "CD" standards or a disk of the "DVD" standards, the manufacturing tolerances 
are of such values as to sufficiently reduce the spherical aberration resulting from the error in the thickness of the trans- 
parent substrate. In the manufacture of these disks, a specific technique is applied, setting the error in the thickness of 
the transparent substrate within a prescribed tolerance. It is, therefore, not necessary, in particular, to correct the spher- 
ical aberration in the optical system of the optical head. If the numerical aperture of the objective lens is further 

45 increased, however, the tolerance for the thickness error of the transparent substrate will become extremely small. 
[0008] The thickness tolerance At for the substrate of, for example, the "DVD" standards is (0.03 mm. To maintain 
the same tolerance as this, the following relation expressed by the following equation [2] must be satisfied, as seen from 
the equation [1]: 

so dt <0.00388/NA 4 [2] 

[0009] From this relation the thickness tolerance for the substrate of the disk may be obtained. The tolerance At is 
±0.016 mm if the numerical aperture NA of the objective lens is 0.7, ±0.0095 mm if the numerical aperture NA of the 
objective lens is 0.8, and ±0.0074 mm if the numerical aperture NA of the objective lens is 0.85. 
55 [0010] It is difficult, however, to raise the precision of the thickness of the disk substrate, because the error in the 
thickness of the substrate thickness depends on the method of forming the disk substrate. For the existing disk sub- 
strate it is difficult to reliably reduce the thickness error to 1 0 ^im or less. If the disk substrate is produced in large quan- 
tities, the yield will be low. Hence, the substrate may not be fit for mass-production. 
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[001 1 J The error in the thickness of the lenses constituting the optica! system of the optical head will be considered. 
For molded lenses it is drff icult to reliably attain such a small thickness error as 1 0 pm or less. The thickness error of the 
lenses is almost equivalent to the thickness error of the transparent substrate, if it is regarded as the error in the optical 
path. In the case where the objective lens used has a large numerical aperture, the thickness error of the lenses will, 
s like the thickness error of the transparent substrate, cause intolerable spherical aberration which would adversely influ- 
ence the reproduced signals. 

[0012] An objective lens having a large numerical aperture of 0.8 or more needs to be composed of a plurality of 
lenses. Even if the spacers made of synthetic resin or metal, which are interposed between the lenses, are process with 
high precision, it will be difficult to decrease the error in the gap between each lens and another to 10 nm or less. Such 
w an error in the gap between any two adjacent lenses of the objective lens may cause spherical aberration, like the thick- 
ness error of the transparent substrate of the optical recording medium. The gap error therefore adversely influences 
the signals. 

[001 3] In consideration of the spherical aberration occurring in the optical recording medium and in the optical 
head, it is virtually difficult to reduce the spherical aberration, in terms of the thickness error of the transparent substrate 
is of the medium, to 10 jim or less in the case where use is made of an optical system that comprises an objective lens 
having a numerical aperture of 0.8 or more and composed of a plurality of lenses. 

[001 4] if a semiconductor laser that exhibits a short emission wavelength is used, the problem of spherical aberra- 
tion will arise, too. It is desired that not only spherical aberration, but also chromatic aberration be corrected. 

20 Disclosure of the Invention 

[001 5] The present invention has been made in consideration of the foregoing. The object of this invention is to pro- 
vide an optical head comprising an objective lens composed of a plurality of lenses and having a numerical aperture of 
0.8 or more, in which the spherical aberration resulting from the manufacturing errors of the optical recording medium 
25 and the lenses, and the chromatic aberration resulting from a semiconductor laser, if used as the light source of the opti- 
cal head, is sufficiently decreased. Further, the invention aims to reduce the spherical aberration that occurs when the 
same optical system is used to light beams having different wavelengths. 

[001 6] Another object of this invention is to provide a recording/reproducing apparatus comprising such an optical 
head as described above, in which the recording density and storage capacity of an optical recording medium can be 

30 enhanced and increased. 

[001 7] As indicated above, it is extremely difficult to suppress the manufacturing error of the optical components so 
much as to reduce the spherical aberration to a negligible degree in an optical system that comprises an objective lens 
composed of a plurality of lenses and having a numerical aperture (NA) of 0.8 or more. It is desired that some measures 
be taken to cancel the spherical aberration that results from the manufacturing error of the optical components. 

35 [0018] The spherical aberration in the optical system can be given as the sum of the aberrations occurring at the 
optical surfaces. Thus, the spherical aberration resulting from the manufacturing error of the optical components can be 
corrected by arranging optical components that cause spherical aberration of the opposite sign somewhere on the opti- 
cal path extending from the light source to the optical recording medium. 

[0019] The optical system of the optical head according to this invention has a group of aberration-correcting 
40 lenses. These lenses generate spherical aberration of the sign opposite to that of the spherical aberration generated at 
the optical surfaces in the optical system, when data signals are written on, or read from, the optical recording medium. 
The aberration-correcting lenses consist of two lens groups, i.e., a positive lens group a negative lens group which are 
spaced from each other. It is sufficient if these lens groups are respectively positive and negative in terms of power. 
Each lens group may consist of a single lens or a plurality of lenses. 
45 [0020] The aberration-correcting lenses, which consist of these two lens groups, are arranged between the light 
source and the objective lens. The space between the lens groups is moved in the optical axis of the optical system, 
thus generating spherical aberration that is opposite in polarity to the spherical aberration generated in the entire optical 
system, with respect to the wave front of the light beam passing through the objective lens. 

[0021 ] In the optical head, the spherical aberration is therefore cancelled at the wave front of the light beam emitted 
so from the light source, transmitted through the objective lens and focused. As a whole, the optical system is a system in 
which the spherical aberration is corrected well. 

[0022] Assume that the transparent substrate of the optical recording medium has a thickness error dt. Then the 
following equation [3] derives from the equation [1]: 

55 dw 40 = (dt/8) x (n 2 - 1)/n 3 x NA 4 [3] 

[0023] Hence, positive spherical aberration will occur if the transparent substrate of the optical recording medium 
has a large thickness error, and negative spherical aberration will occur if the transparent substrate of the optical record- 
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ing medium is thin. To cancel the spherical aberration, it suffices to adjust the space between the groups of aberration- 
correcting lenses and generate negative spherical aberration if the transparent substrate is thick or positive spherical 
aberration if the transparent substrate is thin. 

[0024] The spherical aberration generated by adjusting the space between the aberration-correcting lens groups, 
5 which are arranged between the light source and the objective lens, has negative polarity if the space between the lens 
groups is decreased or positive polarity if the space is increased. This holds true unless the light beam at the position 
where the aberration-correcting lens groups are provided is a converging or diverging one that can hardly be used in 
the optical system of an optical head. 

[0025] That is, when the space between the lens groups is decreased, the light beam emitted diverges more than 
10 before, making the spherical aberration smaller than in the case the transparent substrate of the optical recording 
medium is thick. When the space between the lens groups is increased, the light beam emitted converges more than 
before, rendering the spherical aberration smaller than in the case where the transparent substrate of the optical 
recording medium is thin. The polarity of spherical aberration remains unchanged even if the positive lens group and 
the negative lens group are exchanged in position. Hence, it does not matter which lens group is arranged before the 
is other lens group. 

[0026] The actual optical system has manufacturing errors other than the thickness error of the transparent sub- 
strate of the optical recording medium. The space between the aberration-correcting lens groups is therefore adjusted 
to attain the best possible conditions, while the RF amplitude of the signal reproduced is being monitored. 
[0027] In an optical head of this type, the larger the numerical aperture of the objective lens, the greater the spher- 
es ical aberration generated by the manufacturing error of the objective lens or the manufacturing error of the optical 
recording medium. With the present invention, however, the spherical aberration can be reduced sufficiently even if the 
manufacturing error is prominent or even if the refractive indices or absolute lengths of the various optical elements vary 
due to the environmental changes. This is because the groups of aberration-correcting lenses are arranged between 
the light source and the objective lens in the present invention. 
25 [0028] As the means for adjusting the space between the groups of aberration-correcting lenses, thereby may be 
used an actuator of so-called voice-coil type, a piezoelectric actuator or the like. 

[0029] A recording/reproducing apparatus according to the present invention comprises such an optical head as 
described above. It is designed to record data signals on an optical recording medium and to reproduce data signals 
therefrom. 

30 [0030] As a special solution, the aberration-correcting lens group may function not only as means for correcting 
spherical aberration but also as collimator lenses, in the optical head according to this invention. In this case, the 
number of components can be decreased, thereby to reduce the time and labor required for manufacturing the optical 
head and, ultimately, to lower the manufacturing cost of the optical head. As another special solution, the aberration- 
correcting lens group may be arranged between a collimator lens and an objective lens. If this is the case, a beam split- 

35 ter, an anamorphic prism or the like can be easily arranged, together with the aberration-correcting lens group, in the 
path of the light beam emitted from the collimator lens. This is because the light beam emitted from the collimator lens 
is a parallel beam. 

[0031] An aberration-correcting lens group and an anamorphic prism may be used together in the optical head 
according to this invention. If so, it is desired that the aberration-correcting lens group be arranged between the anamor- 
40 phic prism and the objective lens. This is because, if the anamorphic prism is arranged between the objective lens and 
the aberration-correcting lens group, the incident angle of the light beam to the anamorphic prism will change, inevitably 
causing astigmatism. In order to prevent such astigmatism from occurring, it is desirable to locate the aberration -cor- 
recting lens group at the output side of the anamorphic prism. 

[0032] The optical system of the optical head according to the present invention may comprise a plurality of lenses 
45 and an objective lens having a large numerical aperture of 0.80 or more. If this is the case, the optical system is struc- 
tured, effectively to correct the spherical aberration caused by that objective lens. This is because, the larger the numer- 
ical aperture and the shorter the wavelength used, the worse the spherical aberration in the optical system, and also 
because an objective lens composed of a plurality of lenses and possessing a large numerical aperture is likely to have 
large manufacturing errors. 

so [0033] Moreover, in the optical system of the optical head according to the invention, the light source may be a sem- 
iconductor laser having an emission wavelength of 440 nm or less and the objective lens may comprise two lens group, 
have a numerical aperture of 0.80 or more, have a focal distance of 1 .4 mm or more and be made of vitreous material 
whose d line has an Abbe number of 95.0 or less. In this particular case, it is desirable that each lens group should be 
composed of two lenses, one being a positive lens that has an Abbe number of 55 or more and the other being a neg- 

55 ative lens that has an Abbe number of 35 or less. 

[0034] In the case where a short-wave beam is utilized, chromatic aberration may become a problem. Nonetheless, 
spherical aberration and chromatic aberration can be corrected altogether if the aberration-correcting lens constituting 
the group are made of vitreous material having the above-specified Abbe number. The structure that corrects both the 
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spherical aberration and the chromatic aberration in the case where a short-wave beam is used will be described later. 
[0035] The aberration-correcting lens group provided in the optical system of the optical head according to the 
invention has a considerably small numerical aperture. The spherical aberration generated by moving the lens group in 
the optical axis is, therefore, mainly of third order. By contrast, the spherical aberration caused by the thickness-manu- 

5 factoring errors of the objective lens and transparent substrate includes high-order aberration, inevitably because the 
objective lens has a large numerical aperture. Consequently, the aberration-correcting lens group cannot completely 
cancel the spherical aberration that has resulted from the thickness-manufacturing errors of the objective lens and 
transparent substrate. Thus, the spherical aberration must be further corrected if the aberration-correcting lens group 
corrects fails to completely cancel the spherical aberration resulting from the thickness-manufacturing errors of the 

10 objective lens and transparent substrate and there remains some aberration. 

[0036] In the optical system, light beams of different wavelengths may be applied, in which case it is necessary to 
cancel the aberration resulting from the difference in wavelength among these light beams. This aberration can be can- 
celed by virtue of the spherical-aberration correcting effect that aberration-correcting lens group has. However, the 
aberration resulting from the wavelength difference may not be canceled completely because it includes high-order 

75 aberration, depending upon the type of the aberration-correcting lens group used. 

[0037] In the case where the objective lens comprises two lens groups, each consisting of two or more lenses, the 
space between the lens groups may be changed to generate spherical aberration, in the same principle as applied to 
the aberration-correcting lens groups described above. Thus, the spherical aberration generated by changing the space 
between the aberration-correcting lens groups may be combined with the spherical aberration generated by changing 

20 the space between the lens groups constituting the objective lens. This makes it possible to correct spherical aberration 
of a higher order. 

Brief Description of the Drawings 

25 [0038] 

FIG. 1 is a side view showing the optical system of an optical head according to the present invention; 
FIG. 2A is a graph illustrating the spherical aberration occurring in the optical system shown in FIG. 1 ; 
FIG. 2B is a graph illustrating the astigmatism occurring in the optical system shown in FIG. 1; 
30 FIG. 2C is a graph illustrating the distorted aberration occurring in the optical system shown in FIG. 1 ; 

FIG. 3A is a graph represents the lateral aberration occurring at an angle of field of 0.5° in the optical system shown 
in FIG. 1 ; 

FIG. 3B is a graph showing the lateral aberration on the optical axis of the optical system shown in FIG. 1 ; 
FIG. 4 is a side view of the optical system shown in FIG. 1 , with the aberration-correcting lens group removed; 
35 FIG. 5 is a graph illustrating the relation that the distance the aberration-correcting lens group is moves to compen- 
sate for the thickness error of the transparent substrate has with the wave-front aberration in the optical system 
shown in FIG. 1; 

FIG. 6 is a side view of the optical system of an optical head according to the present invention (used a numerical 
aperture of 0.8 or more); 

40 FIG. 7 A is a graph illustrating the spherical aberration occurring in the optical system shown in FIG. 6; 
FIG. 7B is a graph illustrating the astigmatism occurring in the optical system shown in FIG. 6; 
FIG. 7C is a graph illustrating the distorted aberration occurring in the optical system shown in FIG. 6; 
FIG. 8A is a graph represents the lateral aberration occurring at an angle of field of 0.5° in the optical system shown 
in FIG. 6; 

45 FIG. 8B is a graph showing the lateral aberration on the optical axis of the optical system shown in FIG. 6; 

FIG. 9 is a graph illustrating the relation that the distance the aberration-correcting lens group is moves to compen- 
sate for the thickness error of the transparent substrate has with the wave-front aberration in the optical system 
shown in FIG. 6; 

FIG. 10 is a side view showing the structure of an optical head according to the present invention; 
so FIG. 11 is a block diagram showing a recording/reproducing apparatus according to this invention; 

FIG. 1 2 is a side view showing the structure of an optical system (of Embodiment 1), which has two aberration-cor- 
recting lens groups, each composed of two lenses; 

FIG. 13A is a graph illustrating the spherical aberration occurring in the optical system (of Embodiment 1); 
FIG. 13B is a graph illustrating the astigmatism occurring in the optical system (of Embodiment 1); 
55 FIG. 13C is a graph illustrating the distorted aberration occurring in the optical system (of Embodiment 1); 

FIG. 14A is a graph represents the lateral aberration occurring at an angle of field of 0.5° in the optical system (of 
Embodiment 1); 

FIG. 14B is a graph showing the lateral aberration on the optical axis of the optical system (of Embodiment 1); 
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FIG. 15 is a graph illustrating the relation that the distance the aberration-correcting lens group is moves to com- 
pensate tor the thickness error of the transparent substrate has with the wave-front aberration in the optical system 
(of Embodiment 1); 

FIG. 16 is a side view of an optical system (of Embodiment 2), which has an aberration-correcting lens groups com- 
posed of two lenses, with an air gap between the lenses; 

FIG. 17A is a graph illustrating the spherical aberration occurring in the optical system (of Embodiment 2); 

FIG. 1 7B is a graph illustrating the astigmatism occurring in the optical system (of Embodiment 2); 

FIG. 1 7C is a graph illustrating the distorted aberration occurring in the optical system (of Embodiment 2); 

FIG. 18A is a graph represents the lateral aberration occurring at an angle of field of 0.5° in the optical system (of 

Embodiment 2); 

FIG. 18B is a graph showing the lateral aberration on the optical axis of the optical system (of Embodiment 2); 
FIG. 19 is a graph illustrating the relation that the distance the aberration-correcting lens group is moves to com- 
pensate for the thickness error of the transparent substrate has with the wave-front aberration in the optical system 
(of Embodiment 2); 

FIG. 20 is a graph showing how the Strehl value changes with the change in wavelength in the optical system (of 
Embodiment 2); 

FIG. 21 is a side view of an optical system (of Embodiment 3), which has an aberration -correcting lens groups com- 
posed of two lenses, with an air gap between the lenses; 

FIG. 22A is a graph illustrating the spherical aberration occurring in the optical system (of Embodiment 3); 

FIG. 22B is a graph illustrating the astigmatism occurring in the optical system (of Embodiment 3); 

FIG. 22C is a graph illustrating the distorted aberration occurring in the optical system (of Embodiment 3); 

FIG. 23A is a graph represents the lateral aberration occurring at an angle of field of 0.5° in the optical system (of 

Embodiment 3); 

FIG. 23B is a graph showing the lateral aberration on the optical axis of the optical system (of Embodiment 3); 
FIG. 24 is a graph illustrating the relation that the distance the aberration -correcting lens group is moves to com- 
pensate for the thickness error of the transparent substrate has with the wave-front aberration in the optical system 
(of Embodiment 3); 

FIG. 25 is a graph representing the wave-front aberration observed in the optical system (of Embodiment 3) when 
both the aberration-correcting lens group and the objective lens correct the spherical aberration resulting from the 
change in the wavelength used; and 

FIG. 26 is a graph showing the inter-lens distances observed in the optical system (of Embodiment 3) when both 
the aberration-correcting lens group and the objective lens correct the spherical aberration resulting from the 
change in the wavelength used. 

Best Mode for Carrying out the Invention 

[0039] Specific embodiments of the present invention will be described in detail, with reference to the accompany- 
ing drawings. 



[Optical System] 

[0040] As shown in FIG. 1, the optical system of an optical head according to this invention comprises an aberra- 
tion-correcting lens group 1 . Table 1 presented below shows the design values of this optical system. 



[Table 1] 



Objective lens NA / Focal distance /Entrance pupil <p 
(0.85/2.353mm/4.00mm) 


Wavelength X=635nm 


Surface 


Radius of curvature (mm) 


Axial interval (mm) 


Flexion rate Nd / 
Abbe number vd at 
d line 


Flexion rate N at 
635nm 


OBJ 


QO 


oo 






STO 


CO 


0.0 
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[Table 1] (continued) 



5 



10 



15 



20 



25 



30 



35 



Objective lens NA / Focal distance /Entrance pupil <p 


Wavelength X,=635nm 




(0.85/2.353mrn/4.00mm) 








Surface 


Radius of curvature (mm) 


Axial interval (mm) 


Flexion rate Nd / 


Flexion rate N at 










Abbe number vd at 


635nm 










d line 




S1 


R:-25.0 


C:0.0 


1.6 


1.620/36.3 


1.616405 




IX ,\J ,\J 


n*n n 










AO 0 


F-n n 










B:0.0 


F:0.0 








S2 


r • 1 7 

11.1/ .vjoo 


n-o n 


1.521325 








K-n n 


n-nn 










A-o o 


F-n n 










B:0.0 


F:0.0 








S3 


r-iq nn 


n-n n 


2.0 


1.51633/64.1 


1.515014 






u.u.u 










M.U.U 


F-n n 










B:0 0 


F:0.0 








S4 


R--1Q nn 


rvo n 


3.0 








K*n n 


n-nn 










A*n n 












B:0.0 


F: 








S5 






2.962612 


1.4955/81.6 


1.494122 




K-n 1 77P74. 


n-- QQH^Qvin -5 

u. .33 1 1 j3a 1 \J 










A •- ^*v9P iRyl n*2 

n.'.OJOt 1 JA 1 VJ 


F-- ipftnp^vin*^ 










B:-.452433x10" 3 


F:-.159371x10~ 6 








S6 


R:-12.58525 


C:0.242782x10' 3 


0.505533 








K:-13.032252 


DX981829X10- 4 










A:0.3707368x10 2 


E:-.324027x10' 4 










B:0.799138x10" 4 


F:0.162258x10 -4 








S7 


R:1.25 


C:0.0 


1.495535 


1.51633/64.1 


1.515014 




K:0.0 


D:0.0 










A:0.0 


E: 










B:0.0 


F: 








S8 


oo 


0.0 






S9 


CO 


0.098295 






S10 


CO 


0.1 




1 .5295 


S11 


CO 


0.0 






IMG 


CO 


0.0 







[0041] The aspherical shape is defined by the following equation [4]. This holds true for Table 2 to Table 5, which 
will be presented later. 
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[0042] 



X = 



Y 2 /R 



+ AY 4 + BY 6 + CY % + DY 10 + EY n + FY U 



10 



15 



20 



25 



30 



35 



40 



45 



where: 

X: Depth from the apex of the surface 

Y: Height from the optical axis 
R: Para-axis R 
K: Cone constant 

A: Aspheric-surface coefficient of term Y 4 
B: Aspheric-surface coefficient of term 

8 

C: Aspheric-surface coefficient of term Y 
D: Aspheric-surface coefficient of term Y 10 
E: Aspheric-surface coefficient of term Y 12 
F: Aspheric-surface coefficient of term Y 14 

55 



[4] 
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[0043] The optical system is used to record data signals on and reproduce data signals from optical recording 
media such as an optical disk, a phase-change optical disk, an optical card and the like. These optical recording media 
have a transparent substrate 101 each. That surface of the transparent substrate 101 , which faces away from the opti- 
cal system is the signal-recording surface. The aberration-correcting lens group 1 is composed of a first lens 2 and a 
5 second lens 3 and is designed to correct the spherical aberration occurring in the optical system. An objective lens 20 
is provided, which is composed of two lenses 20a and 20b. 

[0044] In Tables 1 and Tables 2 to 5. to be presented later, OBJ denotes an object point STO designates an aper- 
ture diaphragm, S1 , S2, S3, indicate the surfaces of the lenses, in the order the lenses are arranged, and IMG denotes 
the recording surface of the optical recording medium, i.e., the image-forming surface. 
to [0045] The spherical aberration in the optical system is shown in FIG. 2A, the astigmatism in the system is illus- 
trated in FIG. 2B, and the distorted aberration in the system is shown in FIG. 2C. Further, the lateral aberration occur- 
ring at an angle of field of 0.5° in the system is shown in FIG. 3A, and the lateral aberration on the optical axis of the 
system is illustrated in FIG. 3B. 

[0046] The optical system shown in FIG. 1 is a so-called infinite system, in which an object point is located at an 
15 infinite distance. The aberration-correcting lens group 1 is arranged between a light source (not shown) and the objec- 
tive lens 20. The group 1 comprises the first lens 2 and the second lens 3. The first lens 2 is a biconcave lens and 
located near the light source. The second lens 3 is a biconvex lens and located near the objective lens 20. Nothing but 
air exists between the first lens 2 and the second lens 3. 

[0047] The optical system comprises means for adjusting the space between the firs and second lenses 2 and 3 of 

20 the aberration-correcting group 1 . The means, for example, a uniaxial solenoid actuator, is connected to the first lens 2 
or the second lens 3. The aberration-correcting lens group 1 generates spherical aberration as the space between the 
lenses 2 and 3 is adjusted. The spherical aberration, thus generated, has the polarity that is opposite to that of spherical 
aberration occurring at another optical surface. Hence, the spherical aberration and the spherical aberration occurring 
at another optical surface cancel each other at the focal point. As a result, the entire spherical aberration in the optical 

25 system can be corrected well. 

[0048] The aberration-correcting lens group 1 has a considerably small numerical aperture, however. The spherical 
aberration generated as the lenses 2 and 3 are moved in the optical axis is. therefore, of mainly the third order. On the 
other hand, the spherical aberration resulting from the thickness-manufacturing errors of the objective lens 20 and 
transparent substrate 101 includes high-order aberration. This is because the objective lens 20 has a large numerical 

30 aperture. Thus, the aberration-correcting lens group 1 alone cannot completely cancel the spherical aberration. In order 
to minimize the root mean square of the spherical aberration, it is necessary to determine the movement of the aberra- 
tion-correcting lens group 1 . In practice, a ray-tracking method is employed, calculating the OPD of the main light beam 
and the OPD of the ambient fight beams. The lenses 2 and 3 are set at such positions as to minimize the difference 
between the OPDs calculated, i.e., the root mean square of the spherical aberrations. 

35 [0049] Let us consider the spherical aberration that may occur in the case where the aberration-correcting lens 
group is removed from the optical system of FIG. 1 as is illustrated in FIG. 4. The thickness error of the objective lens 
20 is estimated to be about 1 0 jam for each lens. The error in adjusting the space between the lenses 20a and 20b com- 
posing the objective lens 20 is estimated to be about 10 urn at maximum. Further, the thickness error of the transparent 
substrate 101 is estimated to be about 10 ^m, too. In view of these errors, the spherical aberration will be too large to 

40 neglect if the objective lens 20 has a particularly large numerical aperture and if the spherical aberration is not corrected 
at all. 

[0050] The wave-front aberration in the optical system shown in FIG. 4 is 0.002 rmsX. If the thickness of the trans- 
parent substrate 101 changes by ±20 urn, spherical aberration will be generated. This spherical aberration can be well 
corrected as indicated by the broken line shown in FIG. 5, by moving the first lens of the aberration-correcting lens 
45 group 1 used in the optical system of FIG. 1 . In FIG. 5, the movement of the aberration-correcting lens group 1 is rep- 
resented in terms of the space between the lenses that constitute the aberration-correcting lens group. 
[0051] In this optical system, the wave-front aberration can be sufficiently suppressed by moving the lens of the 
group 1 , which is more remote from the objective lens than the other lens, by a distance Ad defined below, provided that 
the transparent substrate 101 has a thickness error of approximately ±10 urn. 

50 

Ad = -34.458 At 

(Ad: the distance one lens of the aberration-correcting lens group is moved, At: the thickness error of the trans- 
parent substrate) 

55 [0052] Generally, the Marchell's criterion regarded as the minimum requirements for good images that have opti- 
cally reached diffraction limits is wave-front aberration of 0.07 rms(. Hence, the deterioration in image quality, caused 
by the thickness error of the transparent substrate can be almost negligibly small in this case. If the objective lens has 
a thickness error or an assembling error concerning the space between the lenses, the space between the lenses of 
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the aberration-correcting lens group is changed in the same way, thereby to correct the spherical aberration. If the 
spherical aberration is not corrected, aberration too prominent to neglect will remain as is indicated by the solid line in 
FIG. 5. 

[0053] In the embodiment shown in FIG. 1, the aberration-correcting lens group 1 is composed of two groups, or 
5 two lenses, i.e., the first lens 2 which is a negative lens and the second lens 3 which is a positive lens. Nonetheless, it 
suffices for the aberration-correcting lens group 1 to have a group having negative power and a group having positive 
power. Each of these groups may comprise a plurality of lenses. Moreover, the negative lens group and the positive lens 
group may be arranged in the reverse order. In this case, the spherical aberration generated by adjusting the space 
between these lens groups has polarity that is determined by the space between the lens groups, not by the order in 
10 which the lens groups are arranged. 

[0054] The aberration-correcting lens group described above may have the function of a collimator. If this is the 
case, the number of components constituting the optical head can be decreased, making it easy to manufacture the 
optical head and to lower the manufacturing cost of the optical head. 

[0055] In the embodiment described above, the optical system is an infinite system in which a collimator lens (not 
15 shown) collimates the light beam emitted from the light source, as a special solution to the aberration-correcting lens 
group. In the infinite optical system, a beam splitter or an anamorphic prism can be easily arranged between the colli- 
mator lens and the aberration-correcting lens group. Nevertheless, the optical system of the optical head according to 
this invention can be constructed in the form of a finite system. 

[0056] In the embodiment described above, the objective lens is one that comprises two lens groups, each consist- 
20 ing of one lens. Instead, the objective lens may comprise three or more lenses. 

[0057] The optical system of the optical head according to the present invention effectively works to correct spher- 
ical aberration, particularly when its objective lens is composed of a plurality of lenses and has a numerical aperture of 
0.8 or more. FIG. 6 shows the optical system of an optical head according to the invention, which incorporates an objec- 
tive lens having a numerical aperture of 0.8. This optical system has the design values shown in the following Table 2. 

25 



[Table 2] 





Objective lens N A/Focal distance/Entrance pupil <p 


Wavelength X=660nm 




(0.80/2.648mm/4.237mm) 








Surface 


Radius of curvature (mm) 


Axial interval (mm) 


Flexion rate 


Flexion rate N at 










Nd/Abbe number 


660nm 










vd at d line 




OBJ 


oo 


oo 






STO 


GO 


0.0 






S1 


R:19.0 


C:0.0 


2.0 


1.51633/64.1 


1.514207 




K:0.0 


D:0.0 










A:0.0 


E:0.0 










B:0.0 


F:0.0 








S2 


R:-19.0 


C:0.0 


1.523091 








K:0.0 


D:0.0 










A:0.0 


E:0.0 










B:O.0 


F:0.0 








S3 


R:-1 7.055 


C:0.0 


1.6 


1.620/36.3 


1.614805 




K:0.0 


DiO.O 










A:0.0 


E:0.0 










B:0.0 


F:0.0 









55 
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[Table 2] (continued) 





Objective lens NA/Focal distance/Entrance pupil <p 
(0.80/2.648mrn/4.237mm) 


Wavelength X=660nm 


5 


Surface 


Radius of curvature (mm) 


Axial interval (mm) 


Flexion rate 
Nd/Abbe number 
vd at d line 


Flexion rate N at 
660nm 




o4 


R:25.0 


C:0.0 


3.0 






10 




K:0.0 
A:0.0 
BrO.O 


D:0.0 

E: 

F: 










55 


R:2.43644 


C:-.216921x10 4 


2.306044 


1.4955/81.6 


1.493482 


15 




K:-0.530603 

A:0.462792x10' 3 

B:O31930x10" 3 


D:-.526207x10' 6 

E:0.0 

F:0.0 








20 


S6 


R:19.29810 
K:-26.403411 
A:-. 838023 x10 3 
B:0.455037x10 4 


0:0.502887x1 0' 4 

D:0.0 

E:0.0 

F:0.0 


1 .039076 






25 


S7 


R:1. 50881 
K:-0. 198463 
A:-.999579x10' 2 


C:0.579591x10 2 
D:-.317005x10 -2 
E:0.0 


1 .498834 


1.58913/61.3 


1.586056 


30 




B:-.127468x10 -2 


F:0.0 










S8 


oo 


0.0 








S9 


oo 


0.300751 






35 


S10 


oo 


0.1 




1.527000 


S11 


oo 


0.0 








IMG 


OO 


0.0 







40 [0058] FIG. 7A illustrates the spherical aberration occurring in this optical system. FIG. 7B shows the astigmatism 
occurring in this optical system. FIG. 7C shows the distorted aberration occurring in the optical system. FIG. 8A depicts 
the lateral aberration occurring at an angle of field of 0.5°. FIG. 8B shows the lateral aberration on the optical axis of the 
optical system. 

[0059] The wave-front aberration in the optical system shown in FIG. 6 is 0.001 rmsK. If the transparent substrate 
45 has a thickness error of ±20 jim, spherical aberration will be generated. To correct this spherical aberration well, it suf- 
fices to move the aberration-correcting lens group by a predetermined distance as is illustrated in FIG. 9. If the trans- 
parent substrate has a thickness error of about ±10 jim, the wave-front aberration generated by this error can be 
sufficiently suppressed, merely by moving the lenses of the aberration-correcting lens group by Ad defined below. 

so Ad = -19.685 At 

(Ad: the distance one lens of the aberration-correcting lens group is moved. At: the thickness error of the trans- 
parent substrate) 

[0060] If the spherical aberration is not corrected, aberration too prominent to neglect will remain as is indicated by 
55 the solid line in FIG. 9. As the equation [1] shows, the larger the numerical aperture, the worse the spherical aberration. 
Therefore, spherical aberration too large to neglect will occur rf the objective lens has a numerical aperture of 0.8 or 
more and rf the spherical aberration is not corrected. 

[0061] The use of such an optical element described above can suppress spherical aberration. This facilitates the 
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use of a lens having a large NA, making it possible to increase the recording density and storage capacity of the optical 
recording medium. 

[0062] As described above, spherical aberration can be sufficiently suppressed in the optical system of the optical 
head according to the present invention. This renders it easy to use an objective lens having a large numerical aperture. 
As a result, it is possible to enhance the recording density and storage capacity of the optical recording medium. 

[Optical Head] 

[0063] The optical head according to this invention comprises such an optical system as has been described 
above. As shown in FIG. 10, the optical head is designed to record and reproduce data signals on and from an optical 
recording medium such as a phase-change optical disk 11. 

[0064] The phase-change optical disk 1 1, on which the optical head 10 performs the recording and reproducing of 
data signals, comprises a transparent substrate 12, a signal -recording layer, and a protective layer 13. The substrate 
12 has a thickness t2 of, for example, 1.2 mm or 0.6 mm. The signal-recording layer undergoes phase-changes to 
record data signals. The protective layer 13 has a thickness t3 of, for example, 0.1 mm. Light is applied not to the trans- 
parent substrate 12, but to the protective layer 13 that is much thinner than the transparent substrate 12, thereby to 
record signals on the signal-recording layer or reproducing signals from the signal-recording layer. Nevertheless, the 
optical head 10 of this invention can used in combination with an optical recording medium whose the transparent sub- 
strate 12 receives light so that signals may be recorded on the signal-recording layer or reproduced from the signal- 
recording layer. 

[0065] The optical head 10 according to the invention, which is designed to record and reproduce data signals on 
and from the phase-change optical disk 11, has a light source (not shown) and a collimator lens (not shown, either). 
The light source may be, for example, a semiconductor laser that emits a linearly polarized laser beam having emission 
wavelength of 635 nm. The light source emits a laser beam of a specific intensity, in order to reproduce data signals 
from the phase-change optical disk 1 1 . To record data signals on the phase-change optical disk 1 1 , the light source 
emits a laser beam whose intensity is modulated in accordance with the data signals. 

[0066] In the optical head according to the present invention, the wavelength of the laser beam emitted from the 
light source is not limited a particular value. A semiconductor laser that emits a laser beam having a wavelength shorter 
than, for example, 635 nm, may be used. If so, it would be desirable to apply a laser beam having a wavelength as short 
as possible, for the purpose of further increasing the recording density and storage capacity of the optical recording 
medium. In this case, the spherical aberration can be corrected more effectively. In addition, the present invention can 
be applied to the case where lenses, each having so large a numerical aperture as will generate spherical aberration 
of light beams having a wavelength of 635 nm or more. 

[0067] A diffraction grating diffracts the laser beam emitted from the light source. The light beam is thereby split into 
a 0th -order beam and a ±f irst-order beam. The collimator lens (not shown) converts the 0th -order beam and the ±first- 
order beam, each to a parallel light beam. 

[0068] The laser beam, made parallel by the collimator lens, is applied to the signal-recording surface 1 1a of the 
phase-change optical disk 1 1 , through a polarized beam splitter 1 4, a 1/4-wavelength plate 1 5, an aberration-correcting 
lens group 1 and an objective lens 20. The laser beam applied to the phase-change optical disk 1 1 undergoes circular 
polarization as it passes through the 1/4-wavelength plate 15. The objective lens 20 focuses the laser beam on the sig- 
nal-recording surface 1 1a. 

[0069] A uniaxial actuator 21 can adjust the space between the lens groups that constitute the aberration-correcting 
lens group 1 . 

[0070] The optical head 10 further comprises a focusing lens 17, a multi-lens 18, and a photosensor 19. The pho- 
tosensor 19 receives the light beam reflected by the signal-recording layer and applied through the objective lens 20, 
aberration-correcting lens group 1 , polarized beam splitter 14, focusing lens 17 and multi-lens 18, 
[0071] That is, the incident light beam applied to the signal-recording surface 1 1a of the phase-change optical disk 
1 1 is reflected by the signal-recording surface 1 1a and applied back to the optical head. The beam, thus applied back 
propagates along the optical path, passing though the objective lens 20 and the aberration-correcting lens group 1 . 
Thereafter, the beam is applied to the 1/4-wavelength plate 15. As the light beam passes through the 1/4-wavelength 
plate 15, it rotated through 90 from the direction in which it was polarized when applied toward the optical disk. The light 
beam is thereby converted to a linearly polarized beam. Then beam is then reflected by the reflecting surface of the 
polarized beam splitter 14. 

[0072] The beam reflected by the reflecting surface of the polarized beam splitter 14 passes through the focusing 
lens 17 and the multi-lens 18 and is detected by the photosensor 19. The multi-lens 18 is a lens having a cylindrical 
incidence plane and a concave emitting plane. The multi-lens 18 imparts astigmatism to the input light beam so that a 
focus servo signal may be detected by means of the so-called astigmatism method. 

[0073] The photosensor 19 comprises six photodiodes. Each photodiode outputs an electric signal that corre- 
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sponds to the intensity of the light beam applied to it. A prescribed operation is performed on the electric signals the 
photodiodes have output, A focus servo signal and a tracking servo signal are thereby generated. 
[0074] In other words, the photosensor 19 detects the light beam to which the mufti-lens 1 8 has imparted astigma- 
tism and outputs electric signals form which a focus servo signal can be generated by the so-called astigmatism 
method. In the optical head 1 0, the focus servo signal drives a biaxial actuator 1 6, thus performing a focus servo control. 
[0075] The photosensor 19 detects the ±first-order beam that has been diffracted and slit by the diffraction grating 
±first-order beam. The photosensor 19 outputs an electric signal from which a tracking servo signal can be generated 
by the so-called three-beam method. In the optical head 10, the tracking servo signal drives the biaxial actuator 16. 
thereby accomplishing a tracking servo control. 

[0076] Moreover, the photosensor 19 outputs electric signals, each corresponding to the intensity of the light inci- 
dent to one photodiode. A prescribed operation is performed on these electric signals so that the electric signals may 
be reproduced, as data signals, form the from the phase-change optical disk 1 1 . 

[0077] As described above, the optical system of the optical head 10 according to this invention comprises a lens 
group for correcting spherical aberration. The lens group can cancel the spherical aberration resulting from the manu- 
facturing errors of the optical system. This makes it easy to use an objective lens having a large numerical aperture. It 
is therefore possible to increase the recording density and storage capacity of the optical recording medium. 
[0078] In the embodiment described above, the optical head of the invention is designed to record and reproduce 
data signals on and from the phase-change optical disk 1 1 . Nonetheless, the optical head can be modified to record 
and reproduce data signals on and from various types of optical recording media such as a playback optical disk, a 
magneto-optical disk, an optical card and the like. 

[Recording/Reproducing Apparatus] 

[0079] As shown in FIG. 1 1 , a recording/reproducing apparatus according to this invention is designed to record 
25 and reproduce data signals on and from an optical recording medium such as the above-mentioned phase-change opti- 
cal disk 11. The apparatus comprises the optical head 10 that has been described above. 

[0080] The recording/reproducing apparatus is designed to record and reproduce data signals on and from the 
phase-change optical disk 1 1 . Notwithstanding this, the apparatus according to the invention can be modified in various 
modes as a recording/reproducing apparatus that comprises an optical head having an objective lens. That is, the opti- 
30 cal recording medium on and from which the apparatus records and reproduces data signals may be playback optical 
disk, a magneto-optical disk, an optical card or the like. 

[0081 ] The recording/reproducing apparatus 30 comprises a spincOe motor 31 , an optical head 1 0, a feed motor 32, 
a modulation/demodulation circuit 33, a servo control circuit 34, and a system controller 35. The spindle motor 31 
rotates the phase-change optical disk 11. The optical head 10 is used for recording and reproducing data signals. The 
35 feed motor 32 is provided to move the optical head 10 between the inner and outer tacks of the phase-change optical 
disk 1 1 . The modulation/demodulation circuit 33 effects specific modulation and demodulation. The servo control circuit 
34 performs predetermined servo control on the optical head 10. The system controller 35 controls the entire record- 
ing/reproducing apparatus 30. 

[0082] The servo control circuit 34 controls the spindle motor 31 , which is driven at a prescribed speed. The phase- 
40 change optical disk 1 1 , on and from which data signals will be recorded and reproduced, is chucked to the drive shaft 
of the spindle motor 31 . The spindle motor 31 , controlled by the servo control circuit 34, rotates the disk 11 at the pre- 
scribed speed. 

[0083] The optical head 10 applies a laser beam to the phase-change optical disk 1 1 being rotated, as mentioned 
above, in order to record data signals on or reproduce data signals from, the phase-change optical disk 11. The head 

45 10 also detects the light beam reflected from the optical disk 11. The optical head 10 is connected to the modula- 
tion/demodulation circuit 33. In order to record a data signal, the circuit 33 performs specific modulation on the signal 
supplied from an external circuit 36. The signal modulated is supplied to the optical head 10. The optical head 10 
applies a laser beam to the phase-change optical disk 1 1 . This laser beam has been intensity-modulated in accordance 
with the signals supplied from the modulation/demodulation circuit 33. To reproduce a data signal, the optical head 10 

so applies a laser beam of a particular intensity to the phase-change optical disk 1 1 . A signal is reproduced from the light 
beam reflected from the disk 1 1 . The signal thus reproduced is supplied to the modulation/demodulation circuit 33. 
[0084] The optical head 10 is connected to the servo control circuit 34, too. At the time of recording or reproducing 
data signals, a focusing servo signal and a tracking servo signal are generated from the light beam reflected from the 
phase-change disk 1 1 which is rotated. These servo signals are supplied to the servo control circuit 34. 

55 [0085] The modulation/demodulation circuit 33 is connected to the system controller 35 and the external circuit 36. 
The modulation/demodulation circuit 33 receives a signal from the external circuit 36 and modulates the signal under 
the control of the system controller 35. thereby to record the signal on the phase-change optical disk 1 1. To reproduce 
a data signal from the phase-change optical disk 11, the modulation/demodulation circuit 33 receives the signal from 
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the optical head 10 and demodulates the signal under the control of the system controller 35. The signal thus demod- 
ulated by the circuit 33 is output from the circuit 33 to the external circuit 36. 

[0086] The feed motor 32 is designed to move the optical head 10 in a radial direction of the phase-change optical 
disk 1 1 to a desired position, in order to record or reproduce data signals. The feed motor 32 is driven under the control 
5 of the control signal supplied from the servo control circuit 34. That is, the feed motor 32 is connected to the servo con- 
trol circuit 34, which controls the feed motor 32. 

[0087] Under the control of the system controller 35, the servo control circuit 34 controls the feed motor 32 such 
that the optical head 1 0 moves to a predetermined position where the head 10 opposes the phase-change optical disk 
1 1 . The servo control circuit 34 is connected to the spindle motor 31 . Thus, it controls the spindle motor 31 , too, under 
10 the control of the system controller 35. Namely, the servo control circuit 34 controls the spindle motor 32, which drives 
the phase-change optical disk 1 1 at the prescribed speed to record data signals on or reproduce data signals from the 
phase-change optical disk 1 1 . 

[0088] The servo control circuit 34 is connected to the optical head 10, too. To record a data signal or reproduce 
the same, the circuit 34 receives the data signal and a servo signal from the optical head 10. The circuit 34 controls the 

15 biaxial actuator 1 6 mounted on the optical head 10, in accordance with the servo signal. Focus servo control and track- 
ing servo control are thereby accomplished. Further, the circuit 34 controls the uniaxial actuator, whereby the space 
between the lens groups of the aberration-correcting lens group is adjusted to correct the aberration. 
[0089] In the recording/reproducing apparatus described above, the aberration-correcting lens group mounted on 
the optical head 10 cancels the spherical aberration resulting from the manufacture error of the optical system. Hence, 

20 it is easy to use an objective lens which comprises a plurality of lenses and which has a large numerical aperture. It is 
therefore possible to enhance the recording density and storage capacity of the optical recording medium. 

Embodiments 

25 [0090] Specific embodiments of the optical head according to the present invention will be described below. 
[Embodiment 1] 

[0091] FIG. 12 shows the structure of the optical system incorporated in this embodiment. Table 3 presented below 
30 shows the values set in the optical system. 



[Table 3] 





Objective lens NA/Focal distance/Entrance pupil <p 


Wavelength A,=635nm 




(0.85/1 .765mm/3.00mm) 








Surface 


Radius of curvature (mm) 


Axial interval (mm) 


Flexion rate 


Flexion rate N at 










Nd/Abbe number 


635nm 










vd at d line 




OBJ 


00 


00 






STO 


00 


0.0 






S1 


R:19.0 


C:0.0 


2.0 


1.51633/64.1 


1.15014 




K;0.0 


D:0.0 










A:0.0 


E:0.0 










B:0.0 


F:0.0 








S2 


R:-19.0 


C:0.0 


1.523091 








K:0.0 


D:0.0 










A:0.0 


E:0.0 










B:O.0 


F:0.0 
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(Table 3] (continued) 





Objective lens N A/Focal distance/Entrance pupil <p 
(0.85/1 .765mm/3.00mm) 


Wavelength X=635nm 


5 


Surface 


Radius of curvature (mm) 


Axial interval (mm) 


Flexion rate 
Nd/Abbe number 
vd at d line 


Flexion rate N at 
635nm 




S3 


R:-17.055 


C:0.0 


1.6 


1.620/36.3 


1.616405 


10 




K:0.0 


DrO.O 










A:0.0 
B:0.0 


E:0.0 
F:0.0 










S4 


R:25.0 


0:0.0 


3.0 






15 




K:0.0 
A:0.0 
B:0.0 


DrO.O 

E: 

F: 








20 


S5 


R:1 .62730 
K:-0.5Q5660 
A:-.207368x10* 2 
B:-.999092x10' 3 


C:-.0.749875x10- 4 

D:-.204775x10 3 

E:0.0 

F:0.0 


1.639793 


1 .4955/81 .6 


1.494122 


25 


S6 


R:89.45684 
K:0.0 

A:-.291281x10" 2 


C:-.332978x10' 2 
DrO.921 202x1 0" 3 
E:0.0 


0.252358 






30 




B:0.459860x10- 2 


F:0.0 










S7 


R:1.30215 
K:-0.503781 


C:0.206089x10' 3 

DrO.O 

ErO.O 


1.314052 


1.58913/61.3 


1.587011 


35 




B:0.120697x10" 1 


F:0.0 










S8 


CO 


0.0 








S9 


CO 


0.149962 






40 


S10 


CO 


0.1 




1 .529500 




S11 


CO 


0.0 








IMG 


CO 


0.0 







45 

[0092] FIG. 13A illustrates the spherical aberration occurring in this optical system. FIG. 13B shows the astigma- 
tism occurring in this optical system. FIG. 13C shows the distorted aberration occurring in the optical system. FIG. 14A 
depicts the lateral aberration occurring at an angle of field of 0.5°. FIG. 14B shows the lateral aberration on the optical 
axis of the optical system. 

so [0093] The wave-front aberration in this optical system is 0.002 rmsX. If the transparent substrate has a thickness 
error of ±20 jim, spherical aberration will be generated. To correct this spherical aberration well, it suffices to move the 
aberration-correcting lens group by a predetermined distance as is illustrated in FIG. 15. H the transparent substrate 
has a thickness error of about ±1 0 urn, the wave-front aberration generated by this error can be sufficiently suppressed, 
merely by moving the lenses of the aberration-correcting lens group by Ad defined below, as is indicated by the broken 

55 line in FIG. 15. 

Ad = -41 .438 At 
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(Ad: the distance one lens of the aberration-correcting lens group is moved, At: the thickness error of the trans- 
parent substrate) 

[0094] In this case, the spherical aberration resulting from the thickness error of the transparent substrate becomes 
almost negligible. If a similar error occurs at any component other than the aberration-correcting lens group, however, 
5 spherical aberration too large to neglect will remain as indicated by the solid line shown in FIG. 15. Consequently, data 
signals cannot be recorded or reproduced in a desirable manner. 

[Embodiment 2] 

io [0095] FIG. 16 shows the structure of the optical system incorporated in the present embodiment. Table 4 pre- 
sented below shows the values set in the optical system. 
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[Table 4] 



5 


Objective lens NA / Focal distinct / Entrance pupil 9 (0.85/1. 765min/3.00mm) 


Wavelength X-410nm 




Surface 


Radius of curvature 


Axial interval 


Flexion rate Nd / Abbe 


Flexion rale N 






(mm) 


(ram) 


number vd at d line 


at 410am 


70 


OBJ 


00 


00 








STO 




0.0 










JL1. 16382 e0.0 








75 


SI 


KjO.O D&O 
A:0.0 E.0.0 
B:0.0 F:0.O 


1.25 


1.51633/64.1 


1.529569 






R>9.9478J C:0.0 








20 


S2 


K:0.0 DrO.O 
A.0.0 £:0.0 
B:0.0 FrO.O 


0.5 










R>9.0 C:0.0 








25 


S3 


K:0.0 DK).0 

A.-O.0 Ero.o 
B:0.0 F:0.0 


1.0 


1.75520/27.5 


1.8O3O40 






R:15.0 C:0.0 








30 


S4 


K:O,0 D:0.0 
A:O.0 E: 
B:O,0 F: 


3.0 






35 


S5 


TL 1 .6273 C:-.0.749875 * 1 0"< 
K:-0.50566 Eh-^04775 x ] 0° 
A: -.2073 68 * 1 0** ErO.O 
B:-^99092xl0- 1 F:O.0 


1.570619 


1.4955/81.6 


1.504869 


40 


S6 


R:89.45684 C:-.332978M0-* 
K.0.0 D:0.921 202*1 0* 1 
A>.291281 xio* 1 E:0.0 
B:0.459860xlO* FrO.O 


0350169 






45 




JU30215 C:0.206C89xIO- , 










S7 


KMJ.50378I D:0.0 
A.0.193338X10- 1 E:0.0 
B:0.120697xl0-' F:0.0 


1.278541 


1.589 13/61 J 


1.604471 



£0 



55 
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5 


SS 


K:0.0 
ArO.O 
B:0.0 


C:0.0 

D:0.0 
E.0.0 
F:0.0 


0.0 








S9 


oo 


0.134864 






10 


S10 . 


oo 


0.1 


1.51633/64.1 


1.52956* 




S1I 


oo 


0.0 






15 


XKiG 


oo 


0.0 







[0096] FIG. 1 7A illustrates the spherical aberration occurring in this optical system. FIG. 1 7B shows the astigma- 
20 tism occurring in this optical system. FIG. 17C shows the distorted aberration occurring in the optical system. FIG. 18A 
depicts the lateral aberration occurring at an angle of field of 0.5°. FIG. 1 8B shows the lateral aberration on the optical 
axis of the optical system. 

[0097] The wave-front aberration in this optical system is 0.003 rmsX. If the transparent substrate has a thickness 
error of ±20 fim, spherical aberration will be generated. To correct this spherical aberration well, it suffices to move the 
25 aberration-correcting lens group by a predetermined distance as is illustrated in FIG. 19. If the transparent substrate 
has a thickness error of about ±1 0 ^m, the wave-front aberration generated by this error can be sufficiently suppressed, 
merely by moving the lenses of the aberration-correcting lens group by Ad defined below. 

Ad = -10.003 At 

30 

(Ad: the distance one lens of the aberration -correcting lens group is moved, At: the thickness error of the trans- 
parent substrate) 

[0098] In this case, the spherical aberration resulting from the thickness error of the transparent substrate becomes 
almost negligible. If a similar error occurs at that section of the optical system which includes the aberration-correcting 
35 lens group, however, spherical aberration too large to neglect will remain as indicated by the solid line shown in FIG. 
19. Consequently, data signals cannot be recorded or reproduced in a desirable manner. 

[0099] In this embodiment, the light source uses a wavelength of 400 nm. Hence, chromatic aberration may 
become a problem. FIG. 20 shows how the Strehl value changes with the change in wavelength in the case where an 
aberration-correcting lens group is provided and in the case where no aberration-correcting lens group is provided. If 

40 an aberration-correcting lens group is provided, the Strehl value is 0.8 or more when the wavelength changes by ±5 nm, 
and good results are obtained. In no aberration-correcting lens group is provided, the Strehl value is less than 0.8, much 
affected by the chromatic aberration. This will adversely influence the recording and reproduction of signals. 
[0100] That is, the aberration-correcting lens group can correct the chromatic aberration occurring at another opti- 
cal surface since it comprises two lens groups, the first group consisting a positive lens having an Abbe number of 55 

45 or more and the second group consisting of a negative lens having an Abbe number of 35 or less. Thus, the aberration- 
correcting lens group functions as an element for correcting chromatic aberration, too. 

[Embodiment 3] 

so [0101] FIG. 21 illustrates the structure of the optical system incorporated in this embodiment. Table 5 presented 
below shows the values set in the optical system. 
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[Table 5) 



5 


Objective lens N A/Focal distance/Entrance pupil <p 
(0.85/1 .765mm/3.00mm) 


Wavelength X=635nm 




Surface 


Radius of curvature (mm) 


Axial interval (mm) 


Flexion rate Nd / 
Abbe number vd at 
d line 


Flexion rate N at 
635nm 


10 


OBJ 


00 


00 








STO 


00 


0.0 








S1 


R:-25.0 


oo.o 




1.6 


1.620/36.3 


1.616405 


15 




K:0.0 

M.U.U 

B:0.0 


D:0.0 
cu.u 
F:0.0 












S2 


R:1 7.055 


0:0.0 




1.523914 






20 




K:0.0 
M.U.U 
B:0.0 


D:0.0 
E:0.0 
F:0.0 




• 






25 


S3 


R:19.0 
K:0.0 

M.U.U 

B:0.0 


CX).0 
D:0.0 
E:0.0 
F:0.0 




2.0 






30 


S4 


R:-19.0 
K:0.0 

M.U.U 


CS.O 
D:0.0 
E: 




3.0 






35 




B:0.0 


F: 












S5 


R: 1.62730 


C:-.0.749875x10' 4 


1.641523 


1.4955/81.6 


1.494122 






K:-0.505660 


D:-.204775x 


10" 3 












A:-.207368x10' 2 


E:0.0 










40 




B:-.999092x10 -3 


F:0.0 












S6 


R:89.45684 


C:-.332978x 


10" 2 


0.249421 










K:0.0 


D*).921202x10* 3 








45 




A:-.291281 x10' 2 


E:0.0 












B:0.459860x10" 2 


F:0.0 












S7 


R:1.30215 


0:0.206089x1 0' 3 


1.314798 


1.58913/61.3 


1.587011 






K:-0.503781 


DiO.O 










50 




A:0.193338x10" 1 
B:0.1 20697x1 0" 1 


E:0.0 
F:0.0 












S8 


CO 
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55 


S9 


00 


0.149333 








S10 


00 


0.1 


1.51633/64.1 


1.515014 




S11 


CO 


0.0 
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[Table 5] (continued) 



Objective lens N A/Focal distance/Entrance pupil <p 
(0.85/1 .765mm/3.00mm) 


Wavelength X=635nm 


Surface 


Radius of curvature (mm) 


Axial interval (mm) 


Flexion rate Nd / 
Abbe number vd at 
d line 


Flexion rate N at 
635nm 


IMG 


00 


0.0 







10 

[0102] FIG. 22 A illustrates the spherical aberration occurring in this optical system. FIG. 22B shows the astigma- 
tism occurring in this optical system. FIG. 22C shows the distorted aberration occurring in the optical system. FIG. 23A 
depicts the lateral aberration occurring at an angle of field of 0.5°. FIG. 23B shows the lateral aberration on the optical 
axis of the optical system. 

is [01 03] The wave-front aberration in this optical system is 0.002 rmsX. If the wavelength used changes from 700 nm 
to 400nm, spherical aberration will be generated by this error. To correct this spherical aberration, it suffices to move 
the aberration-correcting lens group by a predetermined distance as is illustrated in FIG. 24. 

[0104] As seen from FIG. 24, the wave-front aberration caused by a change in the wavelength used is corrected 
much more than in the case there is provided no aberration-correcting lens group. It is not corrected sufficiently, how- 
20 ever, at short-wavelengths. FIG. 25 shows the wave-front aberration observed when both the space between the lens 
groups of the objective lens and the space between the lens groups of aberration-correcting lens group are adjusted, 
thereby correcting the wave-front aberration with high precision. As can be understood from FIG. 25, the aberration is 
sufficiently suppressed even if the wavelength changes to 400 nm. 

[0105] FIG. 26 shows how the space between the lens groups of the aberration-correcting lens group and the 
25 space between the lens groups of the objective lens change. An extremely complex structure would be required to 
adjust, at the same time, the space between the lens groups of the aberration-correcting lens group and the space 
between the lens groups of the objective lens change. Hence, it is desirable to apply the changes in the aberration 
shown in FIG. 26, thereby adjusting the space between the lens groups of the objective lens beforehand, and then to 
adjust the space between the lens groups of the aberration-correcting lens group, thereby correcting the remaining 
30 aberration. 

[0106] In the present embodiment, both the space between the lens groups of the objective lens and the space 
between the lens groups of the aberration-correcting lens group are adjusted, accomplishing high-precision correction 
of aberration. Such high-precision correction can be effectively applied also to the case where not only the change in 
the wavelength used, but also the manufacturing error of the lenses and the like is too large to be corrected by the aber- 

35 ration-correcting lens group alone. 

[01 07] As is clear from the above description, in an optical head comprising an objective lens having a large numer- 
ical aperture of 0.8, an aberration-correcting lens group can sufficiently correct spherical aberration, if any, resulting 
from the manufacturing errors or the like, and also chromatic aberration, if any, resulting from the use of a light source 
of a short wavelength. The present invention can provide a recording/reproducing apparatus that has such an optical 

40 head. 

[0108] Thus, the present invention can serve to enhance the recording density and storage capacity of an optical 
recording medium. 

Claims 

45 

1 . An optical head characterized by comprising: 

a light source; 

an objective lens composed of at least two lenses and having a numerical aperture of at least 0.80; 
so an aberration-correcting lens group arranged between the light source and the objective lens and composed 

of a positive lens group and a negative lens group; 

wherein the aberration -correcting lens group corrects spherical aberration occurring at each optical surface of 
an optical system, as a space between the positive lens group and negative lens group which constitute the 
aberration-correcting lens group is changed in an axial direction. 

55 

2. The optical head according to claim 1 , characterized by further comprising an actuator for changing the space 
between the positive lens group and negative lens group which constitute the aberration-correcting lens group, in 
an axial direction. 
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3. The optical head according to claim 1 , characterized in that the objective lens is composed of two groups each con- 
sisting of at least two lenses. 

4. The optical head according to claim 3, characterized by further comprising an actuator for changing the space 
5 between the positive lens group and negative lens group which constitute the aberration-correcting lens group, in 

an axial direction. 

5. The optical head according to claim 1 , characterized in that the light source is a semiconductor laser having an 
emission wavelength of at most 440 nm, the objection lens is made of vitreous material having an Abbe number of 

w at most 95.0 at d line and has a focal distance of at least 1 .4 mm, and the aberration-correcting lens group is com- 
posed of a positive lens having an Abbe number of at least 55 and an Abbe number of at most 35. 

6. The optical head according to claim 5, characterized by further comprising an actuator for changing the space 
between the positive lens group and negative lens group which constitute the aberration-correcting lens group, in 

15 an axial direction. 

7. The optical head according to claim 5, characterized in that a space between the lens groups which constitute the 
objective lens is changed in an axial direction to correct the spherical aberration occurring at each optical surface 
of the optical system, in cooperation with the aberration-correcting lens group. 

20 

8. The optical head according to claim 7, characterized by further comprising an actuator for changing, in the axial 
direction, the space between the positive lens group and negative lens group which constitute the aberration-cor- 
recting lens group and the space between the lens groups which constitute the objective lens. 

25 9. A recording/reproducing apparatus characterized by comprising: 

a light source; 

an objective lens composed of at least two lenses and having a numerical aperture of at least 0.80; 
an aberration-correcting lens group arranged between the light source and the objective lens and composed 
of a positive lens group and a negative lens group; 

an actuator for changing a space between the positive lens group and negative lens group which constitute the 
aberration-correcting lens group, in an axial direction; and 

a photosensor for detecting a light beam emitted from the light source, focused by the objective lens on an opti- 
cal recording medium and reflected by the optical recording medium, 

wherein the aberration-correcting lens group corrects spherical aberration occurring at each optical surface of 
an optical system, as a space between the positive iens group and negative lens group which constitute the 
aberration-correcting lens group is changed in an axial direction. 

The recording/reproducing apparatus according to claim 9, charac-terized in that the objective lens is composed of 
two groups each consisting of at least two lenses. 

The recording/reproducing apparatus according to claim 9, charac-terized in that the light source is a semiconduc- 
tor laser having an emission wavelength of at most 440 nm, the objective lens is made of vitreous material having 
an Abbe number of at most 95.0 at d line and has a focal distance of at least 1 .4 mm, and the aberration-correcting 
lens group is composed of a positive lens having an Abbe number of at least 55 and a negative lens having an Abbe 
number of at most 35. 

The recording/reproducing apparatus according to claim 1 1 , characterized in that a space between the lens groups 
which constitute the objective lens is changed in the axial direction to correct the spherical aberration occurring at 
each optical surface of the optical system, in cooperation with the aberration-correcting lens group, and the actua- 
tor changes, in the axial direction, not only the space between the positive lens group and negative iens group 
which constitute the aberration-correcting lens group, but also the space between the lens groups which constitute 
the objective lens. 

55 
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